The psbA gene from higher plants, which codes for the atrazine herbicide binding protein of photosystem II (Qo protein), has been recently sequenced by various laboratories. From these data there are two potential translation sites, one yielding a protein of 38,500 kd and another a protein of 34,500 kd. In the present study, cloned psbA gene sequences from maize, tobacco, and pea have been expressed in a highly defined E. coli in vitro transcription/translation system. In order to determine tFe start site of translation, we also have employed a simplified £. coli system designed to synthesize the first di-or tripeptide of the gene product. 
INTRODUCTION
Studies of gene expression during the past ten years have centered on the regulation of molecular responses to biochemical stimuli. In higher plants and other photosynthetic eukaryotic organisms, light plays an Important role in the regulation of both nuclear and chloroplast coded genes. It is now evident that the light stimulation of gene expression 1s characterized by the increase in unique populations of nuclear and chloroplast mRNA species after dark grown plants are exposed to light (1-8). However, before the mechanism of this effect can be elucidated, a suitable assay system for the identification of factors that affect gene expression has to be developed.
We have chosen to examine the effect of light on the expression of the Q B protein or herbicide binding protein (£sb_A gene product) from higher plants. This gene 1s found 1n the large unique copy region of the chloroplast genome adjacent to an inverted repeat sequence and codes for proteins ranging from 33.5-34.5 kd depending on the species (9) . Early studies on the expression of the Q n protein 1n vitro from total chloroplast DMA and mRNA has yielded limited results, with the chloroplast coded Q B protein only being expressed in eukaryotic in vitro translation systems (10) . The expression of this gene is light stimulated (11) and the Qn protein mRNA constitutes a major portion of the mRNA synthesized by chloroplasts during light growth (12). The gene for this protein was first isolated by Bedbrook e_t aj_. (13) and since has been sequenced in Nicotiana debneyi, Spinacea oleracea, and Amaranthus hybridus (14,15).
Previously, we have utilized a highly defined E^ coli based DMAdirected transcription/translation system to study the expression of various cloned bacterial genes (16-18). The chloroplast gene, rbcL, which codes for the large subunit (l_S) of ribulose-1,5-bisphosphate carboxylase (RuBPC), has also been expressed in crude and defined E_. col i expression systems (19, 20) . From our results and others, there is indication that E_. coli RNA polymerase can initiate properly on chloroplast DNA templates and exercise some specificity of transcription (20, 21) .
In this paper we describe the in vitro expression of maize and tobacco Q B proteins in a highly defined £. coli in vitro system. A simplified expression system based on the formation of the first dipeptide (22) of the gene product is also used to synthesize identical dipeptide products from maize, tobacco and pea psbA templates. From these latter experiments, we are able to determine that the start site of translation of the Qg protein mRNA in an £. coli in vitro expression system is at the second AUG of the largest open reading frame of the Qn protein mRNA. protein was determined by CC1,COOH predpitable counts on GF/C glass fiber filters. Due to the similarity in molecular weights between the Qg proteins (^34 kd) and the plasmid coded B-lactamase, the maize psbA (pCMA) plasmid was either linearized by a partial Pvu I restriction digestion to prevent synthesis of full-length B-lactamase or purified chloroplast DNA fragments were isolated from appropriate clones as described above. In addition, plasmids or DNA fragments containing the psbA gene were tested for expression 1n a simplified in vitro expression system, in which the Nterminal di-or tripeptide of the gene products 1s synthesized (22, 32) .
MATERIALS AND METHODS

Chloroplast
The assay for di-or tripeptide formation was based on extraction of the fonmylated peptide from acidic solution into ethyl acetate (33) . Purified tRNA Isoacceptor spdes were obtained from Subriden RNA, Rolling Bay, Washington. Table I All assays were performed with 0.5 yg of purified DNA fragments from the above clones. For fMet-Thr synthesis, the results are mean values from assays using either crude £. coli tRNA or purified isoacceptor species of tRNA r . For the experiments with isoleucine, the purified isoacceptor species tRNA was used. Di-and tripeptide synthesis were performed as described previously (22, 32) .
RESULTS
The data presented in Table II The sequence data of Zurawski e_t al_. (14) on N^. debneyi and £. oleracea psbA genes and similar data on A_. hybridus by Herschberg and Mclntosh (15) show that the largest open reading frame of all the psbA genes begins with the amino acid sequence Met-Thr (ATG ACT). However, downstream there is another potential start site in the same reading frame that begins MetIle (ATG ATC). This latter sequence is also present 1n the maize psbA gene (personal communication, L. Bogorad). Table III Table III , there is excellent formation of fMet-Ile 1n the dipeptide system directed by the psbA clones from pea, tobacco, and maize. To further verify that the start site of translation is at the second AUG of the psbA genes, pea and tobacco DNA fragments were also used as templates for tripeptide synthesis. If the methionine at position 37 Initiates, proline would be the expected third amino acid (14, 15) . As shown in Table II , the predicted triDeptide, fMet-ITe-Pro is formed. Figure 2 shows the effect of template concentration on the synthesis of the dipeptide, fMet-Ile, using as templates purified DNA fragments obtained from the pea and tobacco p_sb_A clones. Experiments similar to these described above were performed on the psbA gene from Euglena gracilis as described by Hallick (35) . Little or no synthesis of protein was observed in the coupled transcription/translation system. These negative results would be expected from the recent data on the psbA and rbcL gene sequences from E_. gradlis which showed that they contain introns within the coding region (R. Hallick, personal communication (36)).
DISCUSSION
A review of data compiled on chloroplast gene expression i_n vitro shows the limited expression of various psbA mRNAs in reticulocyte lysate or wheat germ extracts (10). However, the data in this paper indicate that the cloned psbA gene sequences of maize and tobacco can be expressed 1n a highly defined E^. coli based DNA directed transcription/translation system. The data in Figure 1 show that proteins of identical molecular weights as the Q R protein precursor have been synthesized in vitro from the maize and tobacco psbA genes. Recently, antibodies have been raised to the Q R protein by using a synthetic peptide of the Qn protein. This antiserum immunoprecipitated a single product from the in vitro synthesis reactions that corresponded to the Qn protein precursor and also immunoprecipitated a 34.5 kd protein from maize and pea thylakoid membranes (Felix, A.M., Heimer, E.P. and Cohen, B.N., manuscript in preparation). The in vitro synthesis of higher plant Qg proteins in the £. coli expression system should make it possible to redone these various psbA gene sequences into suitable E^. coil-based expression vectors for the overproduction of the Qg proteins for studies on their structure and function. The use of the £. coli in vitro expression system represents a heterologous approach to examine chloroplast gene expression. The system relies on the components of E_. coli gene expression (e.g. RNA polymerase, ribosomes, etc.) to function in place of the corresponding chloroplast components. Because of this assumption, not only were the products examined for size but also for labeled amino acid incorporation. The results in Table II Furthermore, the use of the DNA-directed synthesis of the N-terminal dipeptide, fMet-Ile, should facilitate investigations on the role of chloroplast derived factors in regulating the expression of the Q n protein by providing a rapid and reproducible assay system. In addition to the results from the In vitro studies described here, we have been able to show that the proposed 38,500 kd translation product described by Zurawski etâ l. (14) 1s not synthesized in vitro. This protein would require that translation initiation begin at the first ATG of the largest open reading frame, resulting in the formation of the dipeptide fMet-Thr. However, the dipeptide studies described here show that fMet-Thr is not formed in this in vitro system. Instead, the second AUG 1s utilized for initiation of translation as shown by the formation of fMet-Ile and fMet-Ile-Pro as seen in Table III . Our results are also in agreement with the reported size of the in vivo synthesized Q B protein precursors, i.e. 34.5 kd and the reported maize sequence data (L. Bogorad, personal communication). Finally, Hirschberg and Mclntosh (15) have concluded, based on sequence data, that the second AUG 1s the start site of translation in A., hybridus.
It should be noted that a similar situation with regard to the start of translation is seen in the mRNA for the maize rbcL gene. There are two potential translation start sites in the same reading frame, 18 base pairs apart (37) that would yield the dipeptide, fMet-Ser. Both of these sequence regions also contain potential ribosomal binding sites that are homologous to the 16S rRNA from maize (38) . Experiments in this laboratory, using different tRNA isoacceptor species, have shown that the first dipeptide of the protein is synthesized from the second fMet-Ser sequence of the maize rbcL gene and that the other possible start site 18 bp upstream is not recognized (39) .
